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                                    ABSTRACT 
The effects of Gamma Radiation on Fibre Bragg Gratings (FBGs), when used as a 
radiation dosimeter, was proposed. The focus of this study centred on the FBG 
performance, and in particular the Bragg Wavelength Shift (BWS) whilst being exposed 
to ionizing radiation. Current research suggests that certain types of fibres manufactured 
by varying methods produce different results. The different responses to exposure from 
gamma irradiation between Germanium (Ge) doped optical fibres, with and without 
Hydrogen loading, along with the standard SMF-28 fibre  with Hydrogen, were used 
and results noted and compared to previous work. The FBG’s in each fibre were written 
by Ultraviolet (UV) low energy irradiation. The results indicated that radiation 
sensitivity is dependent on Ge doping and Hydrogen loading. The increased sensitivity 
resulted in an overall average BWS of  151.6 pm. Results from the second re-irradiation 
gave an indication of the effects of pre-irradiation. The BWS average reduced to 
88.3pm, showing that possible radiation hardening from pre-irradiation produce 
insensitive and possibly more stable FBGs.    
As FBG sensors are already in use to detect variations in temperature, pressure, stress 
strain, vibration, electromagnetic fields and virtually any other physical parameter with 
great success, the progression through to gamma radiation detection is conceivable. One 
of the main attributes of FBG sensors is their immunity to electromagnetic interference. 
Gamma rays are a form of electromagnetic radiation. In nuclear environments when 
FBG’s are exposed to gamma irradiation results have shown changes in the Bragg 
wavelength, although the exact cause or trigger is still unclear.  
The main outcome was to achieve results that are compatible with the established data 
that will help in establishing FBG’s as a replacement to current physical and chemical 
sensors  currently being used  as radiation dosimeters. Our study has given results that 
are in keeping with the established data 
 Throughout my literature review I did not come across any published papers with a 
similar methodology with regards to the irradiation stages we used i.e. an initial dose of 
206kGy over two days followed by one day of relaxation and then repeated. This I feel, 
reinforces our overall result and paves the way for future irradiation studies with a new 
generation of FBGs and optical fibre. 
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CHAPTER 1 
 
INTRODUCTION 
1.1  Aim 
       The main focus of my thesis is to examine the effects of gamma radiation on fibre 
Bragg gratings (FBGs) when used as radiation dosimeters. The advantages of the FBG 
in a sensing capacity will be shown when exposed to the ionizing radiation during the 
experiment. This will be performed using three different types of optical cable, 
consisting of Germanium (Ge) doped fibres, (with and without hydrogen loading), and a 
standard SMF-28 with Hydrogen optical fibre. The FBGs used, are written by low 
energy UV laser irradiation. The experiment will be performed in stages, noting the 
different Bragg Wavelength Shifts (BWS) as a function of absorbed dose. Particular 
interest will be looking at the relaxation effect on the FBGs, after the first  and second 
irradiation periods. Pre-irradiation effects will be examined to compare the BWS with 
results of the first irradiation period. My aim also, is to show any saturation that may 
occur in both radiation and relaxation stages and examine radiation induced attenuation. 
Research suggests the narrow wavelength encoding of the sensing information in FBG’s 
helps to avoid attenuation increase [1]. 
1.2 Background 
       Optical fibre Bragg grating sensors are already in use throughout industry 
worldwide. The main attributes over mechanical/electrical sensors is they have 
immunity to electro-magnetic interference, are light weight and small, have greater 
sensitivity, are mass producible and cost effective, and are able to measure remotely in 
real time. With radiation dosimetry, the FBG sensors hold a distinct advantage because 
of their immunity to electro-magnetic interference. With optical fibre dosimeters the 
radiation levels are relayed by using optical signals not electrical [2]. Current radiation 
dosimeters in use include film/badge personal dosimeters, thermoluminescent 
dosimeters (TLDs), electronic and electrical dosimeters and quartz fibre 
electroscope(QFE) dosimeters. All have disadvantages such as high cost, short shelf 
life, fading due to temperature and light effects and sensitivity to rough handling 
[2].With older electrical dosimeters, when exposed to radiation over time, degradation 
occurs to the insulation. This can affect the performance of the dosimeter making it very 
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unstable. All this leads to a continual monitoring and replacing of the dosimeter, making 
it less cost effective.  
 
       The progression from electrical/mechanical sensors to optical fibre based sensors 
has taken place in most industries. In radiation environments, however, research is still 
being performed to try and confirm the accuracy and reliability of optical sensors when 
they are used as a form of radiation dosimeter. The problem of attenuation increases 
when exposed to gamma irradiation has been documented previously but now research 
has turned to FBG’s as the basis of a sensing system. The FBG seems to be less 
susceptible to attenuation, making it a strong candidate for a new form of radiation 
dosimeter. Studies have shown that when exposed to gamma irradiation, a Bragg 
wavelength shift (BWS) occurs, although the exact cause or trigger for this is still not 
known [3]. 
 
 
1.3 Significance 
       Over the last ten years, the progression of optical fibre sensors through to FBG’s,  
in industry, has evolved to the nuclear environment. Radiation dosimetry is the basis in 
which FBG’s can play a major role. Because researchers are looking at ways to improve 
the measuring and monitoring  of radiation, the FBG’s attributes make it the prime 
candidate as a possible replacement to older dosimeters. The main significance is that 
the cost factor to the industry will be reduced and real time measurements will be 
performed with accuracy and safety [2]. 
        An advantage to this new research is that by continuing to experiment, eventually 
the exact cause for the Bragg Wavelength shift under irradiation may be found. This 
will lead to a greater understanding of the relationship of how the refractive index 
changes with regards to the grating period. The more that is understood, the more 
industry can benefit. 
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1.4 Motivations 
       Research in the area of radiation dosimetry in conjunction with FBG’s has 
produced numerous published papers. Most of the results indicate that radiation 
dosimetry fall into two categories, either low dose or high dose detection. With gamma 
radiation, which is primarily in the high dose area, FBG’s  have been shown capable of 
being used as a new form of a  monitoring device in the nuclear environment. I hope my 
investigations can add credence to the already established data. 
1.5 Objectives 
1.5.1 Primary objectives 
 To use three samples of FBG’s in a nuclear environment and whilst under gamma 
irradiation achieve a radiation induced BWS (Bragg wavelength shift). 
  To determine whether FBGs created by UV light, with hydrogen loading and Ge-
doping, have greater sensitivity to high dose gamma radiation.  
 To determine experimentally, the Bragg wavelength shift as a function of the 
accumulated dose. 
     1.5.2. Secondary objectives 
 To determine the major cause or trigger for the Bragg wavelength shift. 
 To determine if FBGs are compatible and suitable to be used as radiation dosimeters 
in a nuclear environment. 
 Irradiation will be stopped to observe the relaxation effect. 
 To examine how the dose rate affects the already irradiated samples and improve on 
previous experimental results conducted by ECU which were inconclusive. 
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1.6 Research Questions 
1. Under irradiation, what is the effect of the accumulated dose on the BWS? 
2. What are the effects of relaxation on FBGs, after two stages of gamma irradiation? 
3. Does  pre-irradiation  affect FBG performance? 
4. Is the data consistent with previous research? 
5. Are the FBGs suitable to act as a dosimeter for high dose radiation? 
6. Is the set up required for the FBG sensor to be highly stable, stress free and at a 
constant temperature for the best results? 
7. Do the results show, radiation sensitivity of the FBGs, to be dependent on the 
chemical composition (doping) of the optical fibre that they are written in?                                         
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CHAPTER 2 
THEORY 
 In this chapter I will describe the main principles of FBGs, and the various 
manufacturing techniques used in writing or inscribing the gratings in various optical 
fibre. I also show the effects of radiation in optical fibre made from the most commonly 
used core material in optical fibre used today silica or silicate glass 
 
2.1 Gamma Radiation 
      French physicist Paul Villard is credited with discovering gamma rays in 1900. 
Gamma rays are a form of electromagnetic radiation. He recognized they were different 
than x-rays in that they had a much larger penetrating depth also they were not affected 
by electrical or magnetic fields. The major difference however is the way gamma rays 
are produced. They originate from the nucleus of a radionuclide following radioactive 
decay. The gamma ray is essentially electromagnetic energy or photons which have the 
highest energy and shortest wavelength in the electromagnetic radiation spectrum [4]. 
The high energy of gamma rays allow them to pass through most materials. Lead is the 
main material used to slow or stop the gamma photons. The gamma ray emitters 
currently used include Cobalt-60, which I will use for the experiment. Currently it is 
used for example, to sterilize medical equipment in hospitals and guage the thickness of 
metal in steel mills due to its penetrating  radiation  as shown in Figure 2.1. 
 
Figure 2.1. penetrating radiation of gamma rays [4]. 
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2.2. Fibre Bragg Gratings 
       The main principle behind the FBG sensor is that when there is a change in 
temperature, strain due to stress or pressure, the centre of the wavelength reflected from 
the FBG will alter. It is in a sense, a type of Bragg reflector constructed or written into 
the optical fibre. The fibre reflects certain wavelengths of light and transmits all others 
[5].The Bragg wavelength is related to the refractive index (n) of the material and the 
grating period ( ). The grating sensors are therefore based on the reflection and 
interference of light travelling through the fibre. When a section of fibre is exposed to 
axial strain, temperature or pressure changes from an external source eg. during gamma 
irradiation it will change either or both the refractive index and  grating period of the 
FBG[6]. These affect the Bragg wavelength. This enables changes occurring from 
pressure or expansion to be detected with the FBG from the shift in the Bragg 
wavelength [7]. It can be measured by recording the actual change in the reflection 
coefficient as shown in Figure 2.2.  
 
 
Figure 2.2  FBG Sensing Mechanism [24]. 
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The Bragg wavelength ( B  ) is given by, 
 
                                           
                B  = 2n                                                                                               (1) 
 
 
 
where (n) is the average refractive index of the grating and ( ) is the grating period. 
Changes in the grating caused by strain associated with pressure or expansion results in 
a wavelength shift [8]. The change in wavelength caused by strain and temperature is 
given by, 
 
                        
                         (2) 
 
                           
where (ν) is Poisons’ ratio, p12 and p11 are the strain optic coefficients, (ε)  is the applied 
strain and ( T ) is the change in temperature  in equation (2), which enables a shift in 
the wavelength to occur. This will be the new FBG wavelength that will be recorded. A 
lot of work has been performed investigating the effects of radiation on FBGs. The main 
area covered for research, is developing radiation resistant FBGs for use in nuclear 
environments in the areas of temperature and strain measurement applications [2]. 
Recently however, FBG’s have been investigated as possible high dose radiation 
sensors [9]. 
 
       The FBG’s that were used in the experiment were in fibre that was hydrogen loaded 
and Ge-doped and written by UV light. When UV light radiates an optical fibre the 
refractive index of the fibre is changed permanently. Photosensitisation is the process of 
enhancing the refractive index. To do this, techniques such as hydrogen loading is used. 
Fibre is put into a high pressure vessel containing hydrogen and pressure of 100-1000 
atmospheres are applied. Hydrogen will then diffuse into the silica fibre. Photo-induced 
refractive index  changes up to 100 times greater are obtained by this method [13]. 
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       The actual sensing ability of the FBG stems from the sensitivity of the refractive 
index and the grating period within the fibre when being exposed to external forces. 
These forces affect the response of the FBG directly through expansion and 
compression changes caused either by strain or pressure [24]. The strain optic effect or 
the strain induced change in the glass refractive index, also effects the FBG. To use the 
FBG as a sensor system, it is usually set up in the configuration shown below in Figure 
2.3, showing the transmissive or reflective detection  options. 
 
 
 
 
 
Figure 2.3. Basic Bragg Sensor set up with transmissive or reflective options [24]. 
 
 
       FBGs can have varying resonant wavelengths by the way they are written.This 
allows them to be multiplexed into a sensor system where varying stresses and 
temperatures can be measured along the fibre at different intervals [24]. This makes 
FBGs very attractive as a possible replacement to conventional radiation dosimeters. 
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2.3 Manufacture of FBG’s 
 
       The method known as writing or inscribing is used in the fabrication of FBG’s. The 
fibres refraction index is dependent on the density of the dopant it contains. Germanium 
(Ge) doped silica fibre is the usual form of dopant used. It is used because it is 
photosensitive, and when it is exposed to intense ultraviolet light, periodic changes to 
the refractive index of the fibers core occur [10].This is achieved by a technique known 
as laser writing, which has the effect of creating areas of either less dense or more dense 
amounts of dopant in the fibre. To write an index grating directly on to the doped fibre, 
two UV beams are placed at an angle to produce an interference pattern. This is written 
on to one side of the fibre that has been stripped bare of external coatings. The 
interference pattern, consisting of dark and light bands, causes the change in the 
refraction index by the movement of the dopants in the fibre [11] as seen in Figure 2.4. 
                                 
  
 
 
Figure 2.4. Writing an index grating with UV lasers [12]. 
 
 
 
 
       The other method for writing or inscribing an index grating is known as masking. A 
phase mask is positioned between a UV light source and photosensitive fibre as shown 
in Figure 2.5. The phase mask pre-determines the wavelength of the reflection grating 
by the varying light intensity illuminating the fibre, as seen in Figure 2.6 [13]. This 
method is used to produce FBG’s that cannot be made by interference pattern 
techniques eg. chirped fibre Bragg gratings. 
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Figure 2.5. An example of phase mask set up [13]. 
 
 
 
Figure 2.6. Photograph of high quality phase mask used for grating 
inscription [13]. 
 
        I have mentioned the UV method of writing FBG’s. However for future 
experiments we will also look at FBG’s  manufactured using high energy femptosecond 
(fs) lasers. With the normal fabrication method of using UV light, the photons energy of 
5eV corresponds to the absorption band of defects in the fibre (usually germano-silicate 
glass). This fibre is photosensitive due to a high Ge concentration or ehanced by 
Hydrogen loading [14]. With FBG inscribing commercial femptosecond lasers are used 
to produce (fs) UV  pulses. The pulses are directed by a phase mask onto the fibre by 
varying the displacement of the lens in relation to the fibre, as seen in Figure 2.7. This 
allows the variation in UV irradiation intensity. This exposure variation results in the 
formation of strong FBGs [14]. 
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Figure 2.7. Femptosecond laser set up with phase mask [13]. 
 
 
2.4. Radiation Induced Attenuation (RIA) 
 
 
       Research has shown that exposure to gamma irradiation in nuclear environments  
causes attenuation of the fibre, due to the change in the refractive index. This is 
dependent on the fibre composition, including the chemical composition and 
photosensitization technique used [3]. RIA is mainly caused by the excitation of the Ge 
atoms in the core of the optical fibre when exposed to gamma radiation. The optical 
fibres guide light through the core due to the total internal reflection which comes from 
the difference between the index of refraction between the core and cladding of the 
fibre. Germanium is  a dopant used to increase the index of refraction between the core 
and cladding, providing enhanced light guiding properties [10]. With attenuation, the 
power of light traveling through the optical fibre decreases with distance as a result of 
absorption and scattering [15]. It is defined in units of decibels per kilometer (dB/km). 
FBG’s however, seem to avoid the broadband radiation induced optical power loss 
because of the narrow wavelength encoding or narrow spectral range of  < 5nm [3]. 
With gamma irradiation of Ge-doped fibres, the result is a change in the effective 
refractive index, which in turn results in a radiation induced Bragg wavelength shift as 
shown in Figure 2.8 and Figure 2.9. In Figure 2.8. the baseline is lowered due to the  
RIA  of the photosensitive fibre, whilst in Figure 2.9,  there is no attenuation. The 
induced Bragg wavelength shift of the peak position shows that FBG’s could be used 
for dosimetry [14]. 
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Figure 2.8. Radiation induced Bragg peak shift, with baseline lowered 
due to RIA [3]. 
 
 
 
Figure 2.9. Radiation induced Bragg peak shift, with no  RIA [13]. 
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2.5. Radiation Effects in Optical Fibre 
 
       The material used in the fabrication of optical fibre in use today, consist mainly of 
silicon dioxide (SiO2) known as pure glass [32]. Plastic fibres and Fluoride based  glass 
are also in use, but have limitations. Plastic optical fibre in particular have  high 
attenuation compared to glass fibres, making them less suitable for optical sensing in 
radiation environments [32]. Under irradiation, defect centers can form in the silica 
material of optical fibres. Defect centers or colour centers are the main factor in the 
cause of attenuation loss [33]. When exposed to radiation, changes of the optical fibre 
refractive index occur, due to the damage of the fibre matrix structure, increasing the 
fibre absorption loss [34]. The defects induce new energy levels inside the band gap, 
with the result being an increase of absorption of the transmitted signal. The increase of 
absorption is known as Radiation Induced Attenuation (RIA) [35].  
     With the addition of dopants however, such as Germanium, Fluorine, Boron, Erbium 
or Phosphorus to the fibre core, it was found that optimization of propagation occurs, 
along with a reduction of attenuation [36]. The most commonly used core material in 
optical fibre used today is Germanium(Ge) doped silica or germano-silicate glass [36]. 
Both germano-silicate and silicate glass show attenuation rates as low as 0.20 dB/km at 
a wavelength of 1550nm [37]. Germanium is a dopant used to increase the index of  
refraction between the core and cladding, providing enhanced light guiding properties 
[10]. Germanium doped silica fibre is also highly photosensitive. With the addition of 
hydrogen loading and boron co-doping the photosensitivity of the fibre can be enhanced 
even further[38]. Germanium doping and hydrogen loading in combination increase  the 
radiation sensitivity of the fibre. To achieve light propagation inside the fibre, the core 
refractive index has to be higher than the cladding, as shown in Figure  2.10. 
 
 
Figure 2.10.  Light propagation in optical fibre; showing high and low refractive index 
[38]. 
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        The fabrication of glass fibre with core  dopants  such as germanium lead to a 
variety of defects. During the manufacturing process the defects occur because it is not 
possible for 100% perfection, therefore the deposited chemicals  with the core dopant 
germanium,  form suboxides such as GEOx (x=1to2) [13]. The best known of the 
defects are known as paramagnetic Ge(n) defects, where n is the amount of neighbour 
Ge/Si atoms surrounding a Ge ion with an unsatisfied single electron. When exposed to 
UV light or irradiation, the bond is broken creating what is known as a GeE’ centre as 
shown in Figure 2.11. A free electron is now free to move within the glass matrix 
through tunnelling or by two photon excitation into the conduction band [38]. The 
removal or movement of the electron causes a change in the shape of the molecule 
which may in  turn change the density of the material. This causes  the formation of 
colour centres (GeE’ ) or absorption bands, resulting in the change of the refractive 
index [38]. The absorption bands are responsible for transmission losses. 
 
 
                           
 
 
Figure 2.11. GeE’ centre. Germania defects in Germania doped silica. An electron is 
released on breaking of the bond [38]. 
 
 
      The concentrations of colour center defects (E’ centers) in silica glass when exposed 
to irradiation have been shown to vary. To improve the performance of optical fibre in 
radiation environments the characteristics of these defects must be studied further [33]. 
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CHAPTER 3 
LITERATURE REVIEW 
 
3.1 Significant Journals 
 
       A number of Journals can be considered directly related to the topic. These journals 
are available in full text, and will be used as primary reading sources throughout the 
candidature. The primary journals include ; 
 
 IEEE Transactions on Nuclear Science. 
 
 IEEE Photonics Technology Letters. 
 
 Journal of Optics, by IOP 
 
3.2 Databases  
 
      There are several major databases that have been used  in the sourcing of relevant 
literature. By doing this it has led to the discovery of other journals where similar 
subject related material is likely to be found. The most pronounced and significant 
databases include; 
               
 The International Society for Optical Engineering (SPIE) digital library 
 
 The Institute of Electrical and Electronic Engineers (IEEE) Xplore Digital 
Library 
 
 The Institute of Physics (IOP) Electronic Journals 
 
Other databases such as Science Direct were also used in assisting the search for 
relevant material. 
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3.3 Authors and Research Groups 
 
        A number of important authors and research groups have been identified . In the 
field of developing fiber bragg gratings for radiation environments Henning Henschel, 
Stefan k. Hoeffgen, A. I . Gusarov, A.Fernandez Fernandez, Udo Weinand and Katerina 
Krebber are by far the most prominent. Some of the prominent research groups include; 
 
 Communications research Centre, Ottawa, Canada. 
 
 Federal Institute for Materials Research and testing, Berlin, Germany. 
 
 Fraunhofer-INT, Euskirchen, Germany 
 
 
 SCK-CEN Belgian Nuclear Research Centre, Boeretang,Belgium 
 
 
 
3.4 Literature Summary 
 
       The literature summary/review will incorporate the areas that are relevant to the 
thesis topic. These include research that has looked at Fibre Bragg Gratings being used 
as possible high dose radiation sensors and examination of radiation damage in FBG’s. 
The concepts of different fibres, their behaviour and sensitivity to gamma radiation and 
the overall advantages compared to traditional physical and chemical sensors will be 
covered. Photosensitisation methods used to write FBG’s either by UV light or fs laser 
and their relative performance under irradiation will be reviewed. I have also 
incorporated the Femptosecond laser method as I hope to use this method in future 
experiments. FBGs created in Ge-doped and Hydrogen loaded fibres, and their 
sensitivity to gamma radiation, will also be covered. Finally, look at where FBG’s stand 
at this point in time and where the research is expanding as far as radiation dosimetry is 
concerned. 
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3.4.1 Advantages of Fibre Bragg Grating’s over Traditional sensors. 
 
       The main advantages that FBG’s have over traditional physical, chemical and gas 
sensors is that they have immunity against electro-magnetic fields, high voltage, high 
and low temperatures, and nuclear/ionising radiation environments. They are also 
lightweight, flexible and non-interfering [16]. Specific attributes include multiplexing 
capability and are able to be imbedded in composite materials. Economically they are 
mass producible at a reasonable cost. They are already established in the aerospace, 
medical, mining, marine, transportation, military, seismology and power fields [17]. 
Conventional devices used for sensing can be heavy, bulky and spaced at certain distant 
intervals which can lead to low resolution imaging. This effects the real time 
measurement and remote sensing capabilities [17]. With FBG’s  however, processing 
information at the rate of 100 samples/second is viable. This is a major factor in real 
time remote sensing allowing for an informed response in the event of emergencies, and 
also allows for accurate monitoring which is crucial in a nuclear ionising environment 
[17]. 
 
        Recently, fibre optic based sensors have been shown to operate in very high 
temperature and high radiation environments [10]. This is contrary to earlier work 
which suggested that fibre optic based sensors would not function in harsh 
environments including high radiation areas [10]. Research and engineering solutions 
have now been applied to overcome these limitations. Fibre Bragg grating temperature 
sensors have been shown to survive high gamma radiation doses [10]. Research also 
shows that FBG’s written in fibre that has been hydrogen loaded and Ge-doped are 
capable of monitoring high gamma radiation doses [2]. 
 
        Overall, the main advantage of the FBG sensor is that dose information is 
transmitted using optical signals compared to electrical signals used by physical sensors. 
As FBG’s have immunity to electrical/electromagnetic interference, they do not suffer 
as many electronic dosimeters do. Electrical dosimetry relies on a high voltage power 
supply and they must have good insulation. Under irradiation, degradation occurs to the 
insulation, which affects the operation and stability of the dosimeter. Also, the radiation 
generates electric noise which can affect the signal transmitting the dose information 
[18].   
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3.4.2. FBG’s exposed to High Dose Radiation. 
 
      When FBG’s have been exposed to gamma irradiation, a shift of the Bragg 
wavelength occurs. Results indicate the FBG’s sensitivity to radiation increases from 
820nm to 1516nm when exposed to gamma radiation as seen in Figure 3.1, up to a total 
dose of 100kGy. FBG’s with a higher wavelength of 1550nm  seem to be suited for high 
dose radiation sensing, as no saturation was observed up to 100kGy [9]. One gray is the 
SI unit of the absorbed dose which equals 100 rads. 
   
 
Figure 3.1. Shift of Bragg Wavelength during gamma irradiation [9]. 
 
 
       The investigation has shown that temperature, as well as the radiation induced 
Bragg wavelength shift can be measured with great accuracy. A study was carried out 
specifically to look at the effects and behaviour of FBGs under high dose gamma 
radiation. It was reported that the gamma radiation sensitivities written by UV 330nm 
light in hydrogen loaded, Ge-doped fibre were found to be higher than FBG’s written in 
Ge-doped without hydrogen loading. The radiation induced shift of the Bragg 
wavelength peak saturated at a higher level for the FBG’s written in hydrogen loaded, 
Ge-doped fibre than FBG’s written in Ge-doped with no hydrogen loading [19] 
 
      Overall the radiation sensitivity of FBGs is strongly dependent on the 
photosensitisation method and the chemical composition used for their fabrication. The 
FBGs that have been written in naturally photosensitive fibre show the best radiation 
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tolerance, resulting in a mininum Bragg peak wavelength. When the FBG is exposed to 
gamma radiation the saturation of the radiation induced Bragg peak shift occurs towards 
the longer wavelengths [25].  The effect of the variation in fabricating methods of 
FBGs, has shown fibres with  medium to high Ge-content and are hydrogen loaded, 
have produced a Bragg wavelength shift of approximately 160pm after exposure of a 
dose rate of 100 kGy [26]. A comparison can be made when the fibre had no Ge-
content. The result indicated a Bragg wavelength shift of only 50pm as shown in Figure 
3.2. This shows fibre with about 10 to 21%  Ge-content are well suited to be used for 
radiation dosimetry [27].  
   
 
Figure 3.2 Shows Fibre 8 with Ge-content. Fibre 10 without Ge- content [27]. 
 
       The effects of long term exposure to radiation on fibre Bragg gratings in a nuclear 
reactor have been examined [30]. The gratings were fabricated in photosensitive and 
standard fibres. The study was conducted over a period of 8 years. They remained in the 
reactor, during which time it was operational for a total of 4690h. It was found after the 
eight years of exposure the shape of the gratings spectra and amplitude remained 
unchanged for fibres without hydrogen loading. The fibres with hydrogen loading 
showed only slight changes to the grating spectra and amplitude [30].  This suggests 
that the Bragg gratings can withstand long term exposure without significant 
degradation of reflectivity and with only a slight shift of the Bragg peak [30].The test 
results are important as most experiments previously conducted evaluate the FBGs in 
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harsh conditions over relatively short time scales of days and weeks. Studies have been 
conducted similar to the 8 year study. A 50 month study was undertaken to show long 
term effects on fibre Bragg grating temperature sensors in a low flux nuclear reactor 
[31]. The results showed that the sensors still operated and demonstrated that Bragg 
gratings can withstand long-term exposure to at least moderate nuclear radiation. The 
temperature sensitivity was unaffected by the long term irradiation allowing to perform 
a temperature measurement change with an accuracy better than 3 degrees C, which is 
acceptable for measurement applications in nuclear installations [31]. The two studies 
show the viability of FBGs being used a radiation dosimeters long term. 
 
 
3.4.3 Ge-Doped and Hydrogen loaded FBGs. 
 
       When under high dose gamma radiation, FBGs written in Ge-doped and hydrogen 
loaded fibres showed a greater sensitivity to gamma irradiation than those without 
hydrogen loading, as shown in Figure 3.3 and Figure 3.4. The width and amplitude of 
the Bragg peak changed in the FBGs written in Ge-doped and hydrogen loaded fibres. 
There was no change in  the Ge-doped unloaded fibre [19]. 
 
 
Figure 3.3 Comparison of BWS of fibres without Hydrogen [20]. 
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Figure 3.4 Comparison of BWS of fibres  with Hydrogen [20]. 
 
 
        The Corning fiber type results show a distinct lower Bragg wavelength shift 
without hydrogen loading than the hydrogen loaded fiber. The Germanium 
concentration in the Corning SMF-28 was found to be 5 wt%.  For a comparison, the 
FiberLogix HNA-01 had a Ge concentration of 9 wt%.  The Bragg wavelength shift of 
the FiberLogix is   higher,  as seen in Figures 3.5 and 3.6,  than the  Corning fibre, 
which due to the Ge content of the FiberLogix being higher [20]. 
 
 
Figure 3.5 Comparison of BWS of Fibres without Hydrogen [20]. 
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Figure 3.6 Comparison of BWS of Fibres with hydrogen [20]. 
 
 
 
 This data is very relevant to the experiment that we will perform as we will use four 
types of samples; Ge-doped optical fibres with and without hydrogen loading similar to 
those seen in Table 3.1. 
                                   
 
 
Table 3.1 Example of FBG parameters [20]. 
    
      
       When the fibre is hydrogen loaded, the reaction with the Ge ion forms GeH, which 
changes the band structure in the UV region. The resultant changes cause the refractive 
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index profile to change. When the fiber  is exposed to UV, the refractive index 
increases, resulting in a greater sensitivity to gamma irradiation, as seen in Figure 3.7 
[13].  
   
                         
 
Figure 3.7. Change of refractive index of hydrogen loaded fibre before and after 
UV exposure [13]. 
  
        The aspect of radiation tolerance of FBGs  has also been examined noting the 
influence of various grating fabrications. Pre-irradiation and hydrogen loading along 
with Ge-dopants , significantly change the radiation sensitivity of FBGs [26]. Pre–
irradiation can increase the radiation hardness of the Bragg gratings, resulting in a 
decrease of the  Bragg wavelength peak shift whilst hydrogen loading and Ge-dopants 
increase the radiation sensitivity resulting in higher Bragg wavelength shifts [26]. In 
Table 3.2, the grating labels 3-6 and 4-1 indicate that for a total dose of 50kGy, the 
Bragg wavelength peak shift are the highest at 46pm and 40pm respectively. Both have 
hydrogen loading and Ge-dopants with no pre-irradiation. The grating labels 3-1, 3-2 
and 3-3 have Ge-dopants without hydrogen loading and no pre-irradiation. The result 
indicates that they have the lowest Bragg wavelength peak shifts and therefore less 
sensitive. Overall, the results are a good representation of radiation effects on fibre 
Bragg gratings. 
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Table 3.2 Bragg Wavelength Shift of Fibre Bragg Gratings [26]. 
 
 
 
        Further study has revealed the influence of hydrogen loading pressure on the 
radiation sensitivity of fibre Bragg gratings. The Bragg wavelength shift as a function of 
dose rate was measured, with FBGs that were made after loading the fibre at various 
hydrogen pressures of 100 bar, 200bar and 300 bar [29].  The results indicate that in the 
pressure range of 100-200 bar, the radiation sensitivity of the FBG is not influenced as 
compared with pressure of 300 bar. When increased to 300 bar the radiation sensitivity 
increased by 14%, which increased the Bragg wavelength shift as shown in Figure 3.8. 
The conclusion is, fibres loaded with 100 bar and 200 bar need no special attention 
when radiation sensitivity is concerned, however with 300 bar loaded fibres 
consideration of the increase in sensitivity must be taken into account [29]. It also 
reveals the range of manufacturing parameters that influence the FBGs sensitivity. 
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Figure 3.8  Various hydrogen loading  pressures and wavelength shift. 
 
 
 
3.4.4   Gratings Written by UV light and Femptosecond Laser. 
 
        Fibre Bragg gratings can be written by either UV low intensity light or by high 
intensity UV femptosecond laser. By using a 264nm high intensity femptosecond  laser 
and a phase masking procedure, the fibre Bragg grating inscription was studied to see 
the effect on different photosensitive and normal fibres.Results indicate that the high 
intensity fs laser irradiation improved the photosensitivity in comparison  with the 
conventional 248nm low intensity exposure. The factor rose by a factor of 6-128 times, 
depending on the fibre used and irradiation intensity [21]. For standard excimer lasers at 
248nm, the inscription of FBGs is used in conjunction with a continuous UV source at 
240nm. The refractive index produced at these wavelengths is linked with the 
absorption band of defects found in the germanosilicate glass. The other way to reach a 
high value of excitation energy is to use the high intensity 264nm UV laser irradiation. 
This results in an increase in the photosensitivity because of the additional excitation 
from the two-photon excitation process, as seen in Figure 3.9 [21]. 
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Figure 3.9  Photoexcitation and energy levels in Germanosilicate glass [21]. 
 
 
         With regards to the effect of gamma radiation (cobalt 60) on FBGs written by a 
femptosecond UV laser, the gratings written in three different fibres were both  
photosensitive  and hydrogen sensitised. The result showed both had a nearly identical 
shift of the Bragg reflection wavelength under gamma irradiation [14]. The most 
common form for FBG inscription is by using low intensity UV light with the photon 
energy of 5eV. The comparison between the fs and low intensity FBG fabrication show 
that the femptosecond procedure influences the FBG sensitivity greatly, therefore 
opening the gate for new possibilities in the field of dosimetry [14]. 
         When actually writing with fs laser pulses with a phase mask, the distance 
between the lens and the mask should be at a distance where no damage is caused. To 
produce a clean uniform fringe pattern the fibre should be placed a certain distance from 
the mask. This is where only single diffraction orders can interfere. In Figures 3.10 (a) 
and (b) below, we can see the comparison of varied distances and the resultant fringe 
pattern. When too close to the mask, it requires the use of a wider beam to maintain 
overlap between the orders. The orders therefore only fully overlap immediately behind 
the mask. Further away from the mask, the pulses of the different orders cannot overlap 
as they are too short. The overlap occurs at a distance which has enough high intensity 
to write the grating, giving a clean sharp fringe pattern, as seen in Figure 3.10 (b) [13]  
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Figure 3.10 (a) fringe pattern close to mask 
(b) further away from mask(sharp) [13]. 
 
3.4.5 Radiation Induced Attenuation (RIA) of Fibres 
 
        Early work indicated that fibre optic sensors were not suited to a gamma radiation 
environment. High attenuation seemed to be the problem after the fibre had been 
exposed to ionizing radiation, especially in nuclear environments [1]. According to the 
Kramers-Kronig dispersion relations, an increase of attenuation is accompanied by a 
change of the refractive index. Since the RIA depends on the wavelength of the 
transmitted light, with a minimum at 1100nm, FBG’s made for 650nm, 820nm, 1300nm 
and 1520nm were used to show a comparison of attenuation. The RIA  shows a strong 
increase towards shorter wavelengths and moderate increase to the far infrared [9]. The 
wavelength of 820nm shows a distinctly higher RIA than the 1518nm wavelength, as 
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seen in Figure 3.11 [9]. This result is relevant to the experiment that we will conduct as 
we will use a light source with a centre wavelength of 1550nm.  
 
 
Figure 3.11 Comparison of radiation induced loss at 820nm and 1518nm [9]. 
 
 
3.4.6 Colour Center Defects (E’ Centers)   
 
       When optical fibres are exposed to radiation (Gamma, Neutron or alpha particle 
radiation) the main three effects that occur to optical fibre are, (1) there is an increase in 
optical fibre absorption loss, (2) changes occur to the refractive index of the fibre and  
(3) optical fibre luminescence occurs [34].   A study has found that, the presence of 
defect centres can be reduced  by pre-irradiation and thermal annealing[40].  In table 3.3 
there are three groups, initial (not irradiated or annealed), irradiated at 20kGy, irradiated 
at 40kGy at room temperature.  The irradiated samples ( by gamma rays) were annealed 
at different temperatures; 300C, 500C, 700C, 900C, 1100C, 1300C for one hour. Table 
1 shows when the dose increases from 20 to 40 kGy the E’ centre concentrations 
increase [40]. 
                        
                Table 3.3  E’ Concentration Increased With Dose Increase [40]. 
 
 
    
 30
        A comparative study was completed using silica optical fibre showing similar 
results concerning E’ centre concentration and thermal annealing [33]. It shows that the 
E’ concentration of optical fibr increases with an increased dose rate, shown in figure 
3.12. Samples were irradiated by gamma rays to a dose of 50kGy. The increase shows a 
near linear trend [33]. The effects of thermal annealing involved samples being 
irradiated by gamma rays to a dose of 20kGy, then annealed at different temperatures 
for 10 minutes respectively. When the samples cool to room temperature the E’ 
concentration was measured by ESR(electron spin resonance and spectrophotometer). 
The E’ concentration at 25C  was 1.55x1016cm-3 and decreased to 3.45x1014cm-3 at 
300C [33].  
 
    
 
Figure 3.12  Increase of E’ centre  with increase of  accumulated dose [33]. 
 
 
 3.4.7  Latest Research and Trend 
 
          With the advances in high power fs lasers over recent years, the impact on the 
technology of  writing gratings will be enhanced by reducing factors such as, operating 
costs and improving the flexibility of systems. Presently, the cost factors compared to 
using UV sources are high. UV sources currently are easily accessible and the technique 
that they use is highly controllable [13]. Femptosecond IR lasers have now been shown 
that they are capable of FBG inscription in non silica and silica based fibres [24]. 
Writing of FBG’s in pure silica fibres is possible but difficult. Therefore fs (IR) lasers 
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has been investigated into writing FBG’s in radiation hardened fibres with a pure or 
F(fluorine)-doped silica core without hydrogen loading [23]. The advantage of this is 
that a F-doped silica core produces fibre that has a low radiation induced attenuation 
(RIA) which therefore  produces reliable strain and temperature measurements. The 
overall results however when compared to gratings written by UV laser show that the 
radiation induced wavelength in comparison with the IR laser were virtually the same. 
The aim was to find the method which produces FBG’s that are radiation insensitive and 
radiation sensitive. For the radiation insensitive FBG’s the radiation hardened fibres 
showed a BWS  between 3pm-7pm after a dose of 100kGY. The FBG’s made of 
radiation sensitive fibres did not show a higher BWS. The main observation is that the 
same result was obtained by FBG’s written in fibre that was hydrogen loaded by a UV 
laser. Therefore UV laser and fs-IR lasers produce FBG’s capable of measuring high 
radiation dose values above 100Gy but not sensitive ones for measuring low dose up to 
100Gy [23]. In summary at this point in time the UV high intensity laser is the most 
cost effective method although restrictive, in that the fibre must be enhanced by 
hydrogen to achieve results. Then we have the main advantage of the fs-IR laser which 
is that the FBG fabrication is not limited to silica based UV photosensitive fibres [24]. 
 
3.4.8 New Fibre Technology 
 
    New technology has emerged in the form of Photonic Crystal fibre (PCF) also known 
as micro-structured fibre (MSF) or Holey fibre. The wave guiding properties of this 
form of optical fibre is obtained from, not varying the glass composition through doping 
,but from the arrangement of closely spaced tiny holes surrounding a hollow or solid 
core,  which run through the length of the fibre as shown in Figure 3.13 and Figure 3.14. 
 
 
Figure 3.13 (a) Example of hollow core PCF (b) Detail of core region [41]. 
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Figure 3.14 (a) PCF with solid core surrounded by air channels (b) detail of low loss 
solid core [41]. 
 
 
       In normal fibre, light is contained in the core by internal reflection. To obtain a 
higher refractive index, doping of the fibre core is needed. The problem with doping ,is 
that it increases attenuation. However, in PCF with a solid or hollow core, results 
indicate that attenuation loss is feasible to be eventually lower than conventional fibre 
[41]. Temperature sensitivity is also a governing factor in standard optical fibre in 
relation to optical fibre sensors. MSFs are made of glass with a uniform composition in 
the entire cross section. Therefore there  is no thermal stress in PCFs induced by the 
difference in thermal expansion coefficients  between the core and the cladding [42]. 
This eliminates the consideration of discriminating the sensitivity to temperature from 
other sensitivities, when using PCFs as sensors, compared to standard fibres [42]. The 
studies and effects of radiation on PCFs is limited, however a new type of MSF known 
as a random hole optical fibre (RHOF) has been developed. In this fibre, thousands of 
holes that surround the pure silica core are both random in size and location. A study 
was completed on the effects of gamma radiation on the RHOFs and their potential use 
in radiation sensing [43]. The study compared  the RHOF with standard SMF(single 
mode) and MMF(multi mode) and pure silica fibre(PSC). Measurements were taken of 
the radiation induced absorption (RIA) centred at 1550nm. Under a high intensity 
gamma ray field (4x104 rad/hr). The RIA of the RHOF is much lower than the standard 
fibres as shown in Figure 3.15. RIA of the fibres for the total duration of the experiment 
is shown in Figure 3.16 It shows the fibre behaviour under irradiation and post 
irradiation. The results indicate that the RHOF have a superior recovery time compared 
to the other fibres tested [43]. The mechanism for this is not fully understood. The 
negative RIA  represents an improvement in the transmission of the optical signal [43]. 
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Figure 3.15  RIA of the fibres for first 16 hours of  irradiation. RHOF is much lower 
than  standard SMF and MMF [43]. 
 
 
 
 
 
Figure 3.16 RIA  of sample  fibres for total duration showing behaviour  under and post 
irradiation recovery time [43]. 
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CHAPTER 4 
RESEARCH METHODS 
      This chapter highlights the sample set, the irradiation set up at ANSTO, and the  
equipment that was used for the collection and analysis of data, throughout the four 
main stages. The stages include; (1) First irradiation, (2) First relaxation, (3) Second 
irradiation, and (4) Second relaxation. 
 
 
4.1 FBG Samples 
 
         The FBGs were purchased through Alxenses Company Limited (Hongkong). A  
total of nine FBGs were used. Three of each were manufactured in standard single mode 
optical  fibre with (a) Germanium doping plus Hydrogen loading, (b) Germanium only, 
and (c) standard SMF-28 optical fibre with Hydrogen loading. Each group of three 
single FBGs had centre wavelengths of 1545nm, 1550nm and 1555nm for spectral 
separation. Each FBG had a reflectivity of  > 90%. The length of each FBG was 10mm 
with a bandwidth @-3dB: < 0.3 nm. The hydrogen loading for each fibre was completed 
at 100bar for seven days. When we tried to find the exact germanium content from the 
manufacturer, we were given an approximation only, which stated that the Ge content 
was probably in the medium to high range of  18-21 mol.%. We had hoped to perform a  
composition analysis of the Ge content in the optical fibre through the ICP standard, 
however due to time restrictions we were unable to complete. The centre wavelength  
tolerances for each FBG were given as ±0.5nm. The total fibre length for each sample 
was 30cm, with the FBG centrally located. All the  results were extracted from  FBGs 
written by low-energy UV irradiation. 
 
    The sample numbers of the FBGs are:   
 Ge-doped optical fibre (with hydrogen loading), samples 1, 2 & 3. 
 Ge-doped optical fibre (without hydrogen loading), samples 4, 5 & 6. 
 Standard SMF-28 optical fibre (with hydrogen loading), samples 8, 9 & 10. 
 
 
 35
 
4.2 Gamma Irradiation Facility 
 
        The experiment was conducted at the Australian Nuclear Science and Technology 
Organisation (ANSTO), using the GATRI  gamma irradiation facility under the AINSE 
Research Award ALNGRA12029P for 2012. The experiment continues on from a 
previous study by ECU which included 3 days of irradiation to a total dose of less than 
86kGy on FBGs in standard SMF-28 optical fibre. The results on that occasion were 
unable to establish a definite trend and were inconsistent, due to the experimental 
method. Measurements were performed at a dose rate of 2.2 kGy/hr up to an absolute 
dose of 86kGy. A copy of the research paper is attached in the Appendix(1). On this 
occasion, we used the GATRI gamma irradiation wet storage cobalt-60 facility, as 
shown in Figure 4.1, over a period of 6 days. The dose rate of approx. 4.0 kGy/hr was 
set for the initial irradiation and post irradiation stages.                                               
                                     
                     
                        
           
                           
    
 
Figure 4.1 GATRI’s cobalt-60 radioactive source [28]. 
 
 
4.3 Optical Measurements 
      Optical measurements were performed, to determine the shift of the Bragg 
wavelength as a function of accumulated dose and relaxation time, compared to the base 
non–irradiated Bragg wavelength. The four stages of the experiment from which we 
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obtained data included; 1) Initial irradiation, 2) Initial relaxation, 3) Second irradiation 
4) Second relaxation. The total accumulated dose of 206.8 kGy was reached after 
51.3hrs for stage (1). The accumulated dose for stage (3) reached 196.4kGy after 48.7 
hrs. Overall, the FBGs were subjected to 403.2kGy over a period of 100hrs. The 
relaxation period for stage (2) was 22hrs, whilst for stage (4) it was 20hrs. In summary, 
the irradiation periods equated to approximately 2 full days for each of  stages (1) and 
(3), whilst the relaxation periods for both stages (2) and (4) equated to approximately 1 
day each. Also, the similarity of each stage of the experiment gave us continuity, which 
enabled us to compare results.  
         A superluminescent light emitting diode (SLD) (Dense Light DL-BZ1-SC5403A) 
was used as the light source with a centre wavelength of 1550nm, bandwidth of  100nm, 
and 25mW optical power. The reflective spectrum as a function of wavelength was 
measured using an Optical Spectrum Analyser (Agilent 86142B) shown in Figure 4.3. 
We used the reflective spectra to determine the Bragg wavelength shift as a function of 
accumulated dose/time and as a function of post irradiation relaxation time. We used 
three lines each containing three single FBGs in series, all connected using FC/APC 
connectors. Each line consisted of a sample of each type of optical fibre i.e. Ge+H, Ge 
and SMF-28 fibre, as shown in Table 4.1. 
 
Table 4.1 Three lines of FBGs used showing series sequence. 
LINE SAMPLE 
POSITION 
FBG TYPE SAMPLE NO. λB 
ONE 1 SMF-28 Sample 8 1545nm 
 2 Ge + H Sample 2 1550nm 
 3 Ge Sample 6 1555nm 
     
TWO 1 Ge Sample 4 1545nm 
 2 SMF-28 Sample 9 1550nm 
 3 Ge + H Sample 3 1555nm 
     
THREE 1 Ge +H Sample 1 1545nm 
 2 Ge Sample 5 1550nm 
 3 SMF-28 Sample 10 1555nm 
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All three lines were set up in the GATRI chamber, attached to and set in position in a 
polystyrene box, as shown in Figure 4.2. 
 
 
 
Figure 4.2 Photograph of the three FBG lines arranged in the polystyrene box. 
 
        The lines were attached to patch cables that were threaded through an access port 
in the irradiation facility shield. Each cable connector was attached one at a time to the 
Optical Spectrum Analyser (OSA) via the circulator to establish a baseline (no 
irradiation). Once the baseline was measured and recorded, the irradiation process 
commenced. During the irradiation process, at regular time intervals, measurements 
from each of the three lines were taken. The time periods between measurements were 2 
hours through the daylight hours (7.30am to 7.30pm) and every three hours during the 
night (10.30pm to 7.30am). On average over a 24 hour period, one measurement of each 
line was taken every 2.5 hours. The measurements continued from the three lines for the 
allocated two day period or when the 200kGy accumulated dose had been achieved. 
After the initial irradiation finished, the first relaxation period began. Measurements 
again were taken every 2 hours daily and every 3 hours nightly. This was performed for 
22 hours until no further relaxation occurred, i.e. until the shift in the Bragg wavelength 
was negligible. The irradiation process commenced again, and the whole process  was 
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repeated. Each line was manually attached to the circulator individually for 
measurements. 
             
               
 
Figure 4.3  Experimental equipment set up for the optical measurements. 
   
       Measurements were performed at a temperature range of 21.5C to 23.7C. The 
dosimeter type used was Ceric Cerous, which were calibrated in a cobalt-60 radiation 
field, in which the dose rate was determined from reference dosimeter measurements 
made under similar conditions. The overall uncertainty associated with an individual 
dosimeter reading includes both the uncertainty of calibration of the batch of 
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dosimeters, and the uncertainty due to variation within the batch, and was calculated to 
be 3.5%.  This expanded uncertainty is based on the standard uncertainty multiplied by 
a coverage factor of two, providing a level of confidence of approximately 95%. 
                                     
4.4 Gamma Irradiation Protocol 
 
        The data collection was conducted on site inside the GATRI facility. 
Measurements were performed in the presence of a ANSTO staff member both during 
daylight hours and at night. For safety and security, two persons had to be present at all 
times when entering the GATRI facility. Measurement or stop date times were recorded 
by the ANSTO staff. The exposure period and relative dose were also recorded. The 
accumulated dose was also noted when a measurement was taken. When the facility was 
stopped, either for relaxation purposes or for repair, total times were recorded. My hand 
written records maintained the same format for continuity. My data collection matched 
the completed printout summary from ANSTO. 
 
        There were four periods when the radiation source was lowered. Two were 
unscheduled due to maintenance and repair whilst two were when the relaxation stages 
were about to begin. These can be seen in Table 4.2.                                 
 
         On the 28/11/2012 at 11.46am, with an accumulated dose of 111.3 kGy, 
irradiation stopped, due to a loss in signal from Line3. We lost two of the three peaks. 
After a period of 0.8 hours we were able to rectify the problem and continue recording 
as shown in the JPEG images of Line3 in Figure 4.4. The images show that there was a  
slight problem in Line3, even in the early stages of irradiation at the 16 hour stage. FBG 
1 and 2 have lower outputs than FBG 3. Eventually, at the 27 hour mark, we lost the 
FBG 1 and 2 peaks. When the irradiation source was lowered it was  discovered that the 
tape holding Line3 in position had begun to melt and had become loose. Line3 had to be 
re-positioned, and the old tape removed and replaced. This eventually seemed to help 
with the eventual appearance of the two missing  peaks, as shown in Figure 4.4 in the 28 
hour image, albeit with a lower output compared to the original. For the remainder of 
the experiment, FBG 1 and FBG 2 were displaying weaker outputs, which was a factor 
when analysing the data.    
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Table 4.2. Measurements schedule  from ANSTO Irradiation report. 
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Figure 4.4  Series of images showing loss and eventual recovery of the three peaks in 
Line3. 
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  4.5 Data Analysis 
 
       To analyse the data, files had to be converted from DAT files to EXCEL files, as 
we had recorded the data from the OSA on to a floppy disk. Once the data had been 
converted, we had to insert the floppy back into the OSA to make a separate readable 
file, e.g. the three DAT files at the measurement time of 11.38am on 27/11/12 were 
originally ST00009, ST00010  and ST00011, representing Lines1, 2 and 3 respectively. 
The new converted file was entered into the OSA and then re-recorded back as an Excel 
file with the new prefix of TR00006, TR00007, TR00008. We had to be careful, as you 
can see they don’t quite match numerically. This is due to the fact that the ST files had 
started ST00000,ST00001,ST00002 the previous day while we were testing the OSA. 
The actual recording of irradiation started at ST00003, ST00004, ST00005. Thus, the 
TR files were TR00000, TR00001, TR00002 for the first set of data. Therefore, there is 
a slight lag effect in the TR files. The process was time consuming, and one had to 
concentrate when transferring each individual file. Some of the zero points and outrider 
data points in the graphs may be due to human error in the manual transference. 
       To show the BWS as a function of accumulated dose, we used a search algorithm. 
The uncertainty of the mean value of the BWS for the first irradiation period is found by 
the range/n method [45]. Range represents lowest BWS to the Highest BWS, where (n) 
is the number of measurements to reach  206.8 kGy, which equated to an uncertainty of 
6.3pm for Line1, 7.0pm uncertainty for Line2 and 7.25 pm for Line3. The value of each 
BWS uncertainty for the three lines averaged 7pm. In combination  with the uncertainty 
of the OSA, which is 0.01nm or 10pm  for the specified wavelength range  between 
1480 to 1570nm, the total uncertainty was 12.2pm. For the second irradiation period, 
the overall uncertainty for the each BWS reduced to 5.4 pm, due to the reduced number 
of measurements to achieve the 196.4kGy dose level. This led to an overall uncertainty 
in combination with the OSA of 11.1pm. The OSA uncertainties were extracted from 
the Agilent 8641xB Optical Spectrum Analyser user’s guide. 
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CHAPTER 5 
RESULTS 
     This chapter gives an overview of the results from all four stages of the experiment. 
It shows the Bragg wavelength shift in relation to the accumulated dose during the first 
irradiation and second irradiation stages. The effects of relaxation on the Bragg 
wavelength are also highlighted after each irradiation stage. Any changes of the  peak 
amplitude and change of FWHM both before and after each irradiation are also 
recorded.  
                                
5.1  First Irradiation Period. 
         Results shown in Table 5.1 indicate Bragg Wavelength Shifts (BWS) consistent 
with the fabricating methods used. The only inconsistent measurement is the 90pm shift 
in Line 1 for the Ge+H fibre (1550nm). This could be due to outgassing of the hydrogen 
or an error when converting data from DAT files to Excel files. The overall average 
shift by the 9 FBGs is 151.6 pm. With hydrogen loading plus germanium doping the 
peak shift should be significantly higher. The average BWS for the Ge fibre over the 3 
lines is 155pm. The average BWS for the SMF28+H fibre was 165pm, whilst the 
average for the Ge+H was 135pm. 
                      
Table 5.1 Bragg wavelength peak shift, accumulated dose of 206.8 kGy 
Line Fibre Type Base 
Wavelength(nm)
Final 
Wavelength(nm) 
Bragg Peak 
Shift (pm) 
1 SMF28+H 1545.220 1545.370 150±12 
2 SMF28+H 1549.765 1549.915 150±12 
3 SMF28+H 1555.060 1555.255 195±12 
     
1 Ge + H 1550.020 1550.110 90±12 
2 Ge + H 1554.805 1554.955 150±12 
3 Ge + H 1544.950 1545.115 165±12 
     
1 Ge 1555.030 1555.210 180±12 
2 Ge 1544.755 1544.920 165±12 
3 Ge 1549.960 1550.080 120±12 
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5.2  Second  Irradiation Period.  
 
        The overall average  BWS for the initial irradiation for the 9 samples amounted to 
151.6 pm, whilst after the second irradiation or pre-irradiation shown in Table 5.2  was  
completed, the BWS reduced to an average of 88.3 pm. These results are consistent with 
previous studies [26], which indicated that pre-irradiation of the FBGs results in a 
reduced BWS due to radiation hardening. The data also confirms that gratings written in 
fibre using medium to high Ge content and Hydrogen loading can increase the radiation 
sensitivity overall [27]. The lowest BWS  of 60pm was obtained for the grating written 
in Ge-doped fibre without Hydrogen loading after the second irradiation period, which 
indicates that pre-irradiation may be a prospect for producing radiation hard FBG  
sensors. An overall perspective of the BWS after the first and second irradiation periods 
for Lines 1 and  2 are shown in Figures 5.1(a), 5.1(b), 5.2, 5.3, and 5.4. The differences 
in the shift can be seen clearly in Figure 5.1(b). 
 
Table 5.2 Bragg wavelength shift, for an additional dose of 196.4 kGy(total 403.2 kGy) 
 
Line Fibre Type Initial 
Wavelength(nm)
Final 
Wavelength(nm) 
Bragg Peak 
Shift (pm) 
1 SMF28+H 1545.340 1545.430 90±11 
2 SMF28+H 1549.885 1549.975 90±11 
3 SMF28+H 1555.210 1555.345 135±11 
     
1 Ge + H 1550.080 1550.155 75±11 
2 Ge + H 1554.940 1555.015 75±11 
3 Ge + H 1545.070 1545.175 105±11 
     
1 Ge 1555.180 1555.255 75±11 
2 Ge 1544.890 1544.980 90±11 
3 Ge 1550.050 1550.110 60±11 
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         As mentioned in the literature review, the affects of irradiation on FBGs in fibre,  
loaded with hydrogen at different pressures, have been studied [29]. The most common 
pressures are 100bar, 200bar and 300bar. Our results for the second irradiation period 
indicate, FBGs written in fibre loaded with hydrogen at 100bar, seem to show a slight 
difference in the  average BWS, compared with the Ge-doped only fibre. This could be  
due to the 100bar loading.  
 
           Although the BWS has reduced significantly for the second stage, the average of 
the Ge only fibre (75pm) is less than the Ge+H (85pm) and SMF+H (105pm). The 
increased sensitivity with the 100bar hydrogen  loading may be the cause of the slight 
increase in the BWS, even with the effects of pre-irradiation at play. As studies have 
shown [29], FBGs written in fibre with hydrogen loading at 300bar lead to a 14% 
increase in radiation sensitivity, making them strong candidates to be used  for radiation 
dosimetry. Even with the reduced loading of 100bar, our results do show there is an  
increased sensitivity, which is in keeping with previous studies [29].           
 
 
Figure 5.1(a) First complete irradiation period for Line1 showing Bragg peak shifts at:    
1545nm(SMF28+ H), 1550nm(Ge+H), 1555nm (Ge). Blue peaks are initial peaks, whilst 
the  red peaks are the final peak shift. 
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          Figure 5.1(b) Expanded graph highlighting BWS of SMF28+H (1545nm) 
 
 
 
 
Figure 5.2 Second complete irradiation period for Line 1, showing reduction in Bragg 
wavelength  peak. 
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Figure 5.3 First complete irradiation period for Line 2, showing Bragg peak shifts for 
1545nm(Ge), 1550nm(SMG28+H), and 1555(Ge+H). 
 
 
 
Figure 5.4 Second complete irradiation for Line2, showing reduction in the Bragg peak 
shift. 
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 The performance of an individual sample (FBG) in Lines 1 and 2, as a function of 
accumulated dose in both the initial irradiation and second irradiation stages, are shown 
in Figures 5.5, 5.6, 5.7 and 5.8. 
         
Figure 5.5 BWS of  Line 1 FBG (SMF 28+ H; 1545nm) after the  first  complete irradiation 
period, for an accumulated dose of 206.8 kGy. 
        
Figure 5.6  BWS of Line 1 FBG (SMF28+H; 1545 nm) after  the second irradiation period, 
for an accumulated dose of 196.4 kGy. 
      
         The same trend is observed as with the overall BWS. For the first irradiation 
period, there is a continued increase in the BWS for the first 100 kGy, confirming 
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radiation sensitivity. Saturation is not observed up to 100kGy, which shows that FBGs 
with higher wavelengths (>1520nm) are good candidates for high dose sensing [9]. In 
Line 1 after the second irradiation, the BWS at 100kGy  is 60pm compared to 105pm in 
the first period. Saturation, although not completely observed, may be beginning to 
commence at the 180kGy dose for both periods, with the second irradiation period 
saturating at a lower Bragg peak. Both sets of data indicate a logarithmic trend, although 
the fits of the data points are not ideal (R2 < 0.95) they nevertheless represent a 
relatively good fit. For the FBG (Ge+H) sample in Line 2, as shown in Figures 5.7 and 
5.8, the results are similar for the first period with the BWS at 100kGy being 120pm. 
The second irradiation period is lower, 30pm at 100kGy.This is significantly lower than 
the 60pm shift at 100kGy for Line 1 in the second irradiation period.  
       
 
 
      
 
Figure 5.7. BWS of  Line 2 FBG (Ge+H; 1555nm) after the first complete irradiation 
period. 
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Figure 5.8. BWS of Line 2 FBG (Ge+H; 1555nm) after the second irradiation period. 
 
         
       Logarithmic trend lines are good for data that rises quickly and then starts to level 
off. During the first irradiation period on both graphs, there is a rapid increase up to the 
first 100kGy of gamma dose. Both graphs indicate a 100pm BWS. Beyond the 100kGy 
dose there is a slowing or leveling off effect in both graphs. When comparing with the 
second irradiation dose, the BWS does not rise as rapidly. There is a gradual rise to the 
100kGy mark with a reduction or slowing of the BWS. This also coincides with the 
reduction of the correlation coefficient R2 values for the second irradiation period. There 
is, however a relationship between the variables. The stabilizing effect of pre-irradiation 
seems to be highlighted by these results.  All the graphs during the first and second 
irradiation stages have R2 values between 0.80 and 1.00.  Figures 5.5 and 5.7 indicate 
higher R2 values representing relatively good fits, rather than the lower R2 values in  
Figures 5.6 and 5.8.  The resolution of measurements in Figure 5.8, with the smallest R2  
value of 0.8359, are not high enough to precisely plot the relationship between the 
change in Bragg wavelength and accumulated dose. Hence, future measurements would 
need to be performed at a higher wavelength resolution. This would require the use of a 
higher resolution OSA, as the uncertainty of the wavelength is 10pm, which is the 
largest source of uncertainty.           
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5.3 Effects of Relaxation   
 
 
          After the completion of each irradiation period, when the GATRI cobalt-60 
source was lowered, data was recorded to examine the affects on the Bragg wavelength 
as a function of time compared to the Bragg wavelength recorded at the end of each 
irradiation period. This was to see if there was any movement back in the direction of 
the original base wavelength (i.e. relaxation). In all cases, there was a shift back towards 
the base wavelength, as shown in Tables 5.3 and 5.4. Good results are shown for the 
Ge-doped only fibre during the  first relaxation period. All achieved a 30pm drop, back 
towards the original base wavelength. The consistency may be due to the high Ge-only 
content. This is in keeping with established data, which states that, gratings written in a 
high Ge doped fibre  are more stable [44], thus giving similar results. Even in after the 
second relaxation period, two out of the three FBGs shifted 30pm back towards the 
original for the Ge only fibre. 
                  
           The results show that there is little difference in the relaxation shift between the 
first and second irradiation, although pre-irradiation and subsequent radiation hardening 
may affect the fibre types differently. Although the results indicate small shifts, there is 
a trend back towards the original value. The only factor that I would change in future 
experiments would be to increase relaxation time to 48-72hrs. The average shift for the 
Ge+H fibre is 30pm for the first relaxation, and 35pm for the second relaxation period. 
The average for the SMF28+H is 25pm for the first relaxation, and 30pm for the second 
relaxation. For the Ge fibre the average is 30pm for the first relaxation and 25pm for the 
second relaxation. These results show that there is a slight difference in the Hydrogen 
loaded fibre compared to the non hydrogen loaded Ge fibre. With Hydrogen loading, 
the shift in wavelength back towards the original value is greater on average, compared 
to the germanium only doped fibre, during the second relaxation period. This is due to 
the increased sensitivity from hydrogen and radiation hardening from pre-irradiation.  
        . 
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Table 5.3 Bragg wavelength shift for the  first  relaxation after 22hrs and dose of 206.8 
kGy. 
 
Line Fibre 
Type 
Base Bragg 
Wavelength(nm) 
Bragg 
Wavelength(nm) 
After 206.8kGy 
Bragg 
Wavelength(nm) 
After 22hrs. 
Relaxation 
Relaxation 
Shift 
∆λB (pm) 
1 SMF28 1545.220 1545.370 1545.355 15 
2 SMF28 1549.765 1549.915 1549.900 15 
3 SMF28 1555.060 1555.255 1555.210 45 
      
1 Ge+H 1550.020 1550.110 1550.095 15 
2 Ge+H 1554.805 1554.955 1554.925 30 
3 Ge+H 1544.950 1545.115 1545.070 45 
      
1 Ge 1555.030 1555.210 1555.180 30 
2 Ge 1544.755 1544.920 1544.890 30 
3 Ge 1549.960 1550.080 1550.050 30 
 
 
    Another factor which may be influencing the reduction of the Bragg wavelength 
during the relaxation periods could be temperature. Previous studies have shown that 
when FBGs are exposed to 100kGy of gamma irradiation there is a temperature rise of 
0.50 C within the FBG [9]. After 200kGy an increase of temperature of 10C  or higher is 
expected. With the cooling associated with relaxation, the Bragg wavelength may 
reduce back towards the original base by a factor of, 10pm/oC at 1550nm for Ge-doped 
silica fibers [44]. The results indicate that the average shift of the Bragg wavelength 
overall, inclusive of the second relaxation is 29.2pm. This equates to a temperature 
change of 2-30C. For future experiments we intend to look at temperature effects to 
determine if it is a main factor influencing the Bragg wavelength. 
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Table 5.4  Bragg wavelength shift for the second relaxation after 20hrs and dose of 196.4 
kGy. 
 
 
Line Fibre 
Type 
Base Bragg 
Wavelength(nm) 
Bragg 
Wavelength(nm) 
After 196.4kGy 
Bragg 
Wavelength(nm) 
After 20hrs. 
Relaxation 
Relaxation 
Shift 
∆λB (pm) 
1 SMF28 1545.220 1545.430 1545.415 15 
2 SMF28 1549.765 1549.975 1549.960 15 
3 SMF28 1555.060 1555.345 1555.285 60 
      
1 Ge+H 1550.020 1550.155 1550.125 30 
2 Ge+H 1554.805 1555.015 1554.985 30 
3 Ge+H 1544.950 1545.175 1545.130 45 
      
1 Ge 1555.030 1555.255 1555.225 30 
2 Ge 1544.755 1544.980 1544.950 30 
3 Ge 1549.960 1550.110 1550.095 15 
 
 
       The Bragg wavelength of an individual sample (FBG) in Line 1 and 2 as a function 
of time in both the initial relaxation and second relaxation stages, are shown in Figures 
5.9, 5.10, 5.11 and 5.12. There are a number of outliers in the data presented which 
appear to affect the precision of the data fit, as evidenced by the poor correlation 
coefficients (R2). In Figures 5.9, 5.10 and 5.11, the fifth data point at approximately the 
13 hour mark show a slight increase in the wavelength. As they occur at the same time 
there may be a common cause. It could be due to a connection error or recording error 
on my behalf when swapping lines and reconnecting them to the circulator for 
measurement. I removed the outliers to do a comparison of the R2 values which are 
shown in Figures 5.13 and 5.14. There is large improvement of the logarithmic fit 
confirming that the outlier is more than likely an anomaly due to error. Overall, the 
relaxation results indicate a logarithmic trend and negative correlation by the fact that, as 
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the relaxation time increases, there is a reduction and movement of the wavelength shift 
back towards the original base. There is also an indication that saturation is starting to 
occur at approximately the 6 hour mark. To confirm this trend I would like to extend the 
relaxation period to approximately 48 hours in future experiments.   
                                       
 
Figure 5.9  Bragg wavelength of Line three FBG (SMF 28+H; 1555nm) for first  the 
relaxation period of 22hrs. 
 
                                 
 
Figure 5.10  Bragg wavelength of Line 3 FBG (SMF 28+H; 1555nm) after the  second 
relaxation period of 20hrs. 
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Figure 5.11  Bragg wavelength of Line 2 FBG (Ge; 1545nm) for the first relaxation period 
of 22hrs. 
 
 
 
 
Figure 5.12  Bragg wavelength for Line 2 FBG (Ge; 1545nm) for the  second relaxation 
period of 20hrs. 
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Figure 5.13  Bragg wavelength of Line three FBG (SMF 28+H; 1555nm) for first  the 
relaxation period of 22hrs with outlier removed, noting improved R2 value. 
 
 
 
 
    
Figure 5.14  Bragg wavelength of Line 2 FBG (Ge; 1545nm) for the first relaxation period 
of 22hrs with outlier removed, noting improved R2 value. 
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5.4  Amplitude variation during first irradiation. 
 
           The amplitude variations of the FBGs are shown in Table 5.5. The maximum 
amplitude change is very small over the 51.3hour period. This is in keeping with 
previous data [3]  showing that FBG’s are able to avoid the broadband radiation induced 
optical power loss (radiation induced attenuation) because of the narrow wavelength 
encoding or narrow spectral range of  < 5nm [3]. 
 
     Table 5.5  Reflection spectra of 1st irradiation, for total absorbed dose of 206.8 kGy. 
Line Fibre 
Type 
Base 
Wavelength(nm)
Peak 
Amplitude(dB)
Before 
Irradiation 
Peak 
Amplitude(dB) 
After 
Irradiation 
Max.Amp. 
Change(dB)
1 SMF28H 1545.220 -22.994 -23.866 -0.872 
2 SMF28H 1549.765 -22.533 -23.623 -1.090 
3 SMF28H 1555.060 -22.519 -22.768 -0.249 
      
1 Ge+H 1550.020 -23.799 -24.899 -1.100 
2 Ge+H 1554.805 -24.517 -25.889 -1.372 
3 Ge+H 1544.950 -32.216 -42.832 -10.616 
      
1 Ge 1555.030 -24.985 -26.300 -1.315 
2 Ge 1544.755 -23.711 -25.041 -1.330 
3 Ge 1549.960 -28.135 -39.722 -11.587 
 
             The only variation of significance is in Line 3 for FBG1 (Ge+H) and FBG2 
(Ge), highlighted in red in Table 5.5. Both show amplitude changes of above 10 dB. 
This can be attributed to the fact that we had trouble with the loss of signals during the 
irradiation at approximately 112kGy, as previously mentioned. We managed to rectify 
the transmissions for FBG1 and FBG2, however when we recovered the signal, output 
was less than the original output. There seemed to be a problem from the start with 
FBG1 and FBG2 due to connectivity problems, as shown in Figure 5.15. 
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Figure 5.15.  Reflection spectra of Line 3 showing weaker output from FBG1 and FBG2. 
The blue peaks are the  initial peaks, with red peaks being the final shift during the first 
irradiation stage. 
. 
 
5.5 Amplitude Variation during Second Irradiation. 
 
  
      For comparison, the results of  the pre-irradiation measurements  are shown in Table 
5.6. Overall, they show that the output is consistent through each line, though the 
amplitude variation is much smaller than the first irradiation. Again, this can be 
attributed to the effects of radiation hardening, which makes the FBGs more stable and 
tolerant overall to the effects of gamma irradiation. To highlight this, the results in 
Line3, FBG1 and FBG2, show a marked difference in the output signal, which shows 
there is  continuity in the results. The amplitude before irradiation column shows a 
higher value, due to the fact that the relaxation period was limited to 22 hours. 
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              Table 5.6  Reflection spectra of second irradiation. Dose 196.4kGy. 
 
Line Fibre 
Type 
Base 
Wavelength(nm)
Peak 
Amplitude(dB)
Before 
Irradiation 
Peak 
Amplitude(dB) 
After 
Irradiation 
Max.Amp. 
Change(dB)
1 SMF28H 1545.220 -23.787 -23.987 -0.200 
2 SMF28H 1549.765 -24.100 -23.277 -0.823 
3 SMF28H 1555.060 -22.624 -22.831 -0.207 
      
1 Ge+H 1550.020 -24.692 -24.918 -0.226 
2 Ge+H 1554.805 -26.212 -25.792 -0.420 
3 Ge+H 1544.950 -42.350 -40.959 -1.391 
      
1 Ge 1555.030 -24.097 -26.321 -0.224 
2 Ge 1544.755 -25.466 -24.867 -0.599 
3 Ge 1549.960 -40.767 -35.592 -5.175 
 
 
5.6   FWHM changes Vs Irradiation dose 
          
      The results in Tables 5.7 and 5.8  show the Full Width Half Maximum (FWHM) 
from the data using MATLAB (7.12.0.635). The table shows the FWHM at the 
beginning and end of the first irradiation period and second irradiation periods. The 
FWHM of each peak was determined fitting a theoretical Gaussian peak to each of the 
experimental peaks. The Gaussian fit is where the signal is at half the maximum, 3dbB 
down from the peak.  Considering the total overall dose of 206.8 kGy and 196.4 kGy, 
the FWHM remained fairly stable except for FBG1 and FBG2 in Line 3, highlighted in 
red in Table 5.7. The problem we had in the set up of Line 3 is the probable cause of the 
larger FWHM.  
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              Table 5.7 FWHM of each FBG at start and end of first irradiation period. 
Line Fibre 
Type 
Base 
Wavelength(nm)
FWHM(nm)
Before 
Irradiation 
FWHM(nm) 
After 
Irradiation 
Total 
FWHM 
Change(nm)
1 SMF28H 1545.220 0.7480 0.7237 -0.0243 
2 SMF28H 1549.765 0.8308 0.8177 -0.0131 
3 SMF28H 1555.060 0.8485 0.8376 -0.0110 
      
1 Ge+H 1550.020 0.7340 0.7173 -0.0167 
2 Ge+H 1554.805 0.8020 0.7984 -0.0036 
3 Ge+H 1544.950 0.6934 0.5591 -0.1343 
      
1 Ge 1555.030 0.7225 0.7088 -0.0137 
2 Ge 1544.755 0.8203 0.7943 -0.0260 
3 Ge 1549.960 0.7514 0.5734 -0.1780 
              
           
Table 5.8 FWHM of each FBG at start and end of second irradiation period. 
Line Fibre 
Type 
Base 
Wavelength(nm)
FWHM(nm)
Before 
Irradiation 
FWHM(nm) 
After 
Irradiation 
Total 
FWHM 
Change(nm)
1 SMF28H 1545.220 0.7122 0.7373 +0.0251 
2 SMF28H 1549.765 0.8164 0.6172 -0.1992 
3 SMF28H 1555.060 0.8485 0.8667 +0.0195 
      
1 Ge+H 1550.020 0.7249 0.7303 +0.0126 
2 Ge+H 1554.805 0.7761 0.5640 -0.2121 
3 Ge+H 1544.950 0.5612 0.5760 +0.0147 
      
1 Ge 1555.030 0.7121 0.7088 -0.0033 
2 Ge 1544.755 0.7750 0.6107 -0.1643 
3 Ge 1549.960 0.5573 0.6257 +0.0684 
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          Two results for Line2 are highlighted in red in Table 5.8, to show that there is a 
large difference between the start FWHM and final FWHM compared to Lines1 and 3 
during the second irradiation period. I have gone back through my data and extracted 
GIF image files to see if there was a probable cause. The increase in the FWHM seemed 
to occur at the same time there was a change in the output of the three peaks as shown 
in Figures 5.16, 5.17. The normal three peaks are shown in Figure 5.16, whilst Figures 
5.17 show the change in the images when there was spike in the FWHM result.  
 
 
Figure 5.16 . Normal GIF image of Line 2 during the early stages of irradiation. 
 
       
       Overall, the FWHM shape was not affected by the radiation in FBGs written in Ge 
doped and/or Hydrogen loaded fibre both in the initial and second irradiation stages. 
The results agree with previous data [3], that while the Bragg peak shift is dependent on 
accumulated dose, gamma irradiation has no influence on the shape of the  FWHM. 
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         The Gaussian fit is shown in Figures 5.18(a), 5.18(b), 5.19(a), 5.19(b), 5.20(a), 
and 5.20(b). However, after the first full irradiation period  and second irradiation 
periods, a small drop in relative power can be seen, therefore a small drop in peak 
wavelength. FBG1 and FBG2 of Line 3  show the largest change in the reduction of the 
Half-maximum 
 
 
Figure 5.17 Change in GIF image of Line 2 in the final stages of the second irradiation 
period. 
 
       
 
     The relative stability of the FWHM during irradiation indicates FBGs could be 
used in the nuclear environment for detection of stress and temperature with confidence. 
These types of measurements require radiation tolerant and more stable FBGs. 
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Figure 5.18 (a) Line 1 Gaussian fit of reflection intensity at start of first irradiation. 
 
 
 
Figure 5.18 (b) Line 1 Gaussian fit of reflection intensity at start of second irradiation. 
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Figure 5.19 (a) Line 2 Gaussian fit of reflection intensity at start of first irradiation. 
 
 
 
Figure 5.19 (b) Line 2  Gaussian fit of refelection intensity at start of second irradiation. 
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Figure 5.20 (a) Line 3  Gaussian fit of refelection intensity at start of first irradiation. 
 
 
Figure 5.20 (b) Line 3Gaussian fit of reflection intensity  at start of second irradiation. 
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CHAPTER 6 
DISCUSSSION & FUTURE WORK 
 
6.1 Discussion 
        The results obtained for the 9 FBGs over the 6 day period, seem to show 
consistency in all aspects whilst under gamma irradiation. The Bragg wavelength shift 
(BWS) as a function of the accumulated dose show an increase in the peak shift as the 
dose increases in all FBGs during the initial irradiation and second irradiation stage. The 
highest BWS shift occurred after 206.8kGy of 195pm with the FBG written in SMF28 
fibre loaded  with Hydrogen. The overall average radiation induced BWS was shown 
experimentally to be 151.6pm for the first irradiation stage. An example of  the total 
Bragg wavelength shift over the full duration of the experiment, inclusive of the first 
and second irradiation stages and first and second relaxation stages by FBG3 in Line 2 
(Ge+H,1555nm) is shown in  Figure 6.1. The fact that the BWS seems to be restarted 
after the first relaxation period when re-irradiated, indicates that the effects are 
cumulative, which is what is needed in a dosimeter. 
 
 
Figure 6.1 Bragg Wavelength Shift over complete experiment inclusive of both  relaxation 
periods and both irradiation periods for Line 2 (Ge+H, 1555nm). 
 
 End First irradiation 
End of first 
relaxation 
End of second irradiation 
End of second 
relaxation 
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         The individual averages for the FBGs created in Germanium with 
Hydrogen(Ge+H) fibre  is 135pm; Germanium only, 155pm; and SMF28 + Hydrogen, 
165pm. All results indicate that FBGs created in Ge doped fibre and Hydrogen loaded 
result in greater sensitivity to high dose gamma radiation, when compared to results 
from a previous study [9], which showed that Ge free fibre produced a low BWS of 
only 50pm at 100kGy. This bodes well for FBGs being suitable for use as high dose 
radiation sensors. When the samples were irradiated for the second time, we were able 
to establish the effects of pre-irradiation on the BWS. There was a marked reduction in 
the overall average, dropping to 88.3pm, with the lowest recording of 60pm occurring in 
the Ge doped fibre. Therefore, we can conclude that FBGs  exposed to pre-irradiation 
have a lower Bragg wavelength shift compared to no pre-irradiation exposure. Pre- 
irradiation is a possibility for producing radiation hard FBG sensors. 
        When examining the relaxation effects on the first and second irradiation periods, 
the overall trend was a wavelength shift back towards the base wavelength. The shifts 
were all consistent, with the average relaxation shift for the first period being 28pm and 
for the second 30pm. Although they were only small shifts the trend was always back 
towards the base wavelength. For future studies, it will be necessary to increase the 
relaxation period to establish an accurate trend, with regards to saturation, which 
seemed to be occurring from the 6 hour mark in this study. 
         The results concerning amplitude variation seem to indicate that the increased 
sensitivity of the fibres affects the amplitude change. During the first stage of 
irradiation, when sensitivity is highest, the amplitude changes were overall markedly 
higher. After the second irradiation stage, pre-irradiation effects from radiation 
hardening seem to take hold. There is less sensitivity, resulting in smaller amplitude 
changes. Radiation hard sensors due to pre–irradiation seem to be less sensitive but 
more stable. To determine the cause or major trigger for the BWS is difficult without 
further investigations in the form of e.g. composition analysis and/or electron 
microscopy imaging. However, data from previous research [40] show that the 
concentrations of colour defect centres in silica glass when  exposed to irradiation vary, 
which affects attenuation loss [33]. The study found that the presence of defect centres 
can be reduced by pre-irradiation and/or thermal annealing [40], which in turn reduces 
radiation induced attenuation. This seems to be linked to our data regarding the 
amplitude reduction after pre-irradiation.  
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   6.2 Future Work 
 
       Future irradiation studies should involve the use of new generation optical fibres 
such as Photonic Crystal Fibre (PCF) and, in particular, Random Hole Optical Fibre 
(RHOF). Results have been promising, showing a possible minimisation of the effects 
of defect colour centres [40]. Through the development also of co-doped fibres using 
Germanium and Boron or Phosphorous, the FBG performance should be investigated 
for a comparison. Further investigation of relaxation and the effects of pre-irradiation 
should also be investigated with the new generation of optical fibres. In future we  
would also like to vary the total dose and dose rates for a comparison.  
        We also hope to pursue further irradiation studies to note the effect of gamma 
irradiation on the new generation of FBGs, manufactured by high energy femptosecond 
(fs) laser with increased hydrogen loading of 300 bar. The results of the increase in 
hydrogen loading would be of interest, as the data suggests [29] there should be a 14% 
increase in the BWS  due to the increase of sensitivity. A good comparison could be 
made as we used the lowest hydrogen loading of 100bar. 
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CHAPTER 7 
CONCLUSION 
7.1 Conclusion 
        To conclude, the primary objectives and most of my secondary objectives have 
been met. We achieved a radiation induced BWS in FBGs created by UV light, in fibre 
with and without hydrogen loading and germanium doping. The results indicate that 
FBGs written in the H2-loaded fibres with Ge-doping show a higher sensitivity to high 
dose irradiation. This makes them good candidates as possible replacements for current 
radiation dosimeters in use for radiation processing in nuclear environments. The effects 
of pre-irradiation has also been shown to reduce the FBGs sensitivity resulting in an 
increased stability and improved radiation tolerance overall. This increased stability will 
help in temperature and stress sensing or structural monitoring of space structures. By 
continuing to improve radiation tolerances of FBGs through pre-irradiation techniques, 
the applications of FBGs in the space environment may eventuate. Overall, the data 
seems to be consistent with previous research, however with regards to relaxation 
effects, longer relaxation times are needed to fully establish the saturation of the Bragg 
wavelength. As mentioned previously, for future experiments, the relaxation period  
should be extended to at least 48-72 hours.   
       A footnote to my conclusion; I would just like to emphasise the importance of the 
experimental set up. For the FBG sensor to perform at the optimum level, it was found  
that it should be in a highly stable and stress free environment, and at constant 
temperature for the best results. This can be seen in our data when Line 3 lost two peak 
outputs when the setup became unstable due to the tape holding the gratings in position 
becoming  loose.  
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APPENDICIES 
APPENDIX  1 
EXPERIMENTAL RESEARCH PAPER 
Presented at the 20th AIP National Congress, University of NSW, Sydney, 
December, 2012. 
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APPENDIX  2 
 
 
MATLAB 7.12.0.635 
    To extract the FWHM Gaussian fit for each line of FBGs, we used MATLAB 
(7.12.0.635). Book 2 and Book 3 contained the data for the first and second irradiation 
periods. 
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Results from MATLAB showing FWHM at beginning of second irradiation.  
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Results from MATLAB showing FWHM at beginning of  first irradiation 
 
 
 
 
 
   Output data from MATLAB showing FWHM change over the first irrdaiation period 
For line one,  FBG 1,2,3. 
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  Output data from MATLAB showing FWHM change over the second irradiation 
period for Line two noting the change in particular at the 14, 15, 16 data entries. This 
coincides with the GIF image in my thesis. 
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